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Energy loss due to ohmic heating is a major bottleneck limiting down-scaling and speed of nano-
electronic devices, and harvesting ohmic heat for signal processing is a major challenge in modern
electronics. Here we demonstrate that thermal gradients arising from ohmic heating can be utilized
for excitation of coherent auto-oscillations of magnetization and for generation of tunable microwave
signals. The heat-driven dynamics is observed in Y3Fe5O12/Pt bilayer nanowires where ohmic
heating of the Pt layer results in injection of pure spin current into the Y3Fe5O12 layer. This
leads to excitation of auto-oscillations of the Y3Fe5O12 magnetization and generation of coherent
microwave radiation. Our work paves the way towards spin caloritronic devices for microwave and
magnonic applications.
Nano-devices based on control of magnetic damping by
spin currents [1, 2], such as spin torque memory and spin
torque oscillators [1, 4–6, 8] (STOs), are at the forefront
of spintronics research. In STOs, a spin current injected
into a ferromagnet acts as negative magnetic damping
that cancels the positive damping of magnetization at a
critical current density [1, 4–6, 8, 8, 9, 9–11]. Above the
critical current, magnetization auto-oscillations are ex-
cited with an amplitude determined by nonlinearities of
the magnetic system [13]. By utilizing magnetoresistive
effects, the auto-oscillations can be converted into mi-
crowave power. STOs can also serve as sources of propa-
gating spin waves for spin wave logic and nano-magnonic
applications [14, 15]. STOs are typically metallic devices
that rely either on spin-polarized electric currents [4, 5, 8]
or on pure spin currents generated by the spin Hall effect
[1, 8, 9, 9, 11, 16]. Recently, an STO based on injection
of pure spin Hall current into an insulating ferromagnet
was demonstrated as well [1].
Spin angular momentum can be transferred from a
nonmagnetic metal (N) to a ferromagnetic insulator (F)
via inelastic spin flip scattering of a conduction electron
at the F/N interface that generates a magnon in the F
layer [15, 17–20]. The inverse process is responsible for
the spin pumping effect whereby angular momentum of
magnons in the F layer is converted into spin accumu-
lation that drives spin current in the N layer [21, 22].
At a non-zero temperature, these two processes give rise
to a fluctuating spin current flowing across the F/N in-
terface that time-averages to zero in thermal equilibrium
[21, 23]. When a thermal gradient is applied perpendic-
ular to the F/N interface, a non-zero net spin current
is established across the interface [23–25]. When the F
layer is hotter than the N layer, a spin Seebeck current of
magnons generated by the temperature gradient in the
F layer flows towards the F/N interface and is converted
at the interface into a pure spin current carried by con-
duction electrons in the N layer [22, 26–28]. When the
N layer is hotter than the F layer, the net spin current
across the F/N interface reverses its direction resulting
in angular momentum injection from the N layer into
the F layer [17]. In this process, fluctuating spins of the
conduction electrons of the hotter N layer generate a net
flow of magnons into the colder F layer [29, 30], which
increases the magnon density in the F layer above its
equilibrium value [23–25, 30, 31].
The net spin current injected into the F layer by a
temperature gradient across the F/N interface was the-
oretically predicted [19, 23–25, 32, 33] and experimen-
tally demonstrated [17, 29, 34, 35] to reduce the mag-
netic damping of the F layer magnetization. The action
of such thermal spin current can be described in terms of
an antidamping thermal spin torque [30], which can be
called spin Seebeck torque. However, full cancellation of
the F layer damping by the temperature gradient needed
for the excitation of magnetic auto-oscillations has not
been achieved.
In the following, we demonstrate operation of an STO
driven by pure spin current arising from a temperature
gradient across an F/N interface. This device realizes a
major goal of spin caloritronics – thermal energy harvest-
ing for the manipulation of magnetization [33].
Results
Sample description. We study STOs based on pure
spin current injection into a nanowire of an insulat-
ing ferrimagnet yttrium iron garnet Y3Fe5O12 (YIG).
The 350 nm wide, 15µm long nanowire devices are
made by e-beam lithography and ion mill etching from
Gd3Ga5O12(GGG substrate)/ YIG(23 nm)/ Pt(8 nm)
films grown by sputter deposition [36]. Two Al(4 nm)/
Pt(2 nm)/ Cu(15 nm)/ Pt(2 nm) leads with an inter-lead
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FIG. 1: YIG/Pt nanowire magnetoresistance. a Sketch of the YIG/Pt nanowire spin torque oscillator. Arrows across
the YIG/Pt interface illustrate the flow of spin Hall jSH and spin Seebeck jSS currents with corresponding smaller arrows
representing the spin current polarization. The directions of the temperature gradient ∇T perpendicular to the YIG/Pt
interface, the direct current Idc, and the magnetic field H are depicted by arrows. b Magnetoresistance R of the YIG/Pt
nanowire measured at low (Idc = 0.15mA) and high (Idc = 2.75mA) direct current bias for a magnetic field applied in the
sample plane at the field angle φ = 90◦ with respect to the wire axis. c Spin Seebeck voltage VSS induced in the nanowire by
a large microwave current (microwave power Prf = 2dBm) as a function of magnetic field.
gap of 2.5µm are attached to the ends of the nanowire
for application of an electric current along the wire length
as shown in Fig. 1a (and Supplementary Figure 1). Since
YIG is an insulator, the electric current and the associ-
ated ohmic heat generation are confined to the Pt layer
of the wire, which results in a large temperature gradient
∇T in the YIG film perpendicular to the YIG/Pt inter-
face at high current densities (Supplementary Note 1 and
Supplementary Figure 2).
Magnetoresistance measurements. Figure 1b
shows the nanowire resistance as a function of magnetic
field H applied in the plane of the sample, perpendicu-
lar to the wire axis (in-plane field angle φ = 90◦). At a
low direct bias current Idc = 0.15mA, we observe nega-
tive magnetoresistance (MR) that saturates when H ex-
ceeds the YIG nanowire’s magnetic shape anisotropy field
(0.2 kOe). This data is well explained by spin Hall mag-
netoresistance (SMR) arising from spin Hall current in Pt
flowing perpendicular to the YIG/Pt interface [37, 38].
At a higher current bias Idc = 2.75mA, the resistance
of the wire saturates at different values for positive and
negative H . This field-antisymmetric component of the
MR arises from a large spin Seebeck current driven by
∇T and the inverse spin Hall effect in Pt [23, 39–46].
As illustrated in Fig. 1c, application of a large microwave
current instead of Idc also heats the Pt layer and results
in a similar field-antisymmetric spin Seebeck voltage VSS
induced in the nanowire. This demonstrates that the
field-antisymmetric MR in Fig. 1b arises from ∇T rather
than direct current bias [23, 42]. All measurements pre-
sented in Figures 1–4 are made at the sample bath tem-
perature of 140K chosen such that the nanowire tem-
perature is near room temperature at the highest bias
current (3mA) employed in our experiments (Methods,
Supplementary Note 1 and Supplementary Figure 3).
Microwave generation. The MR data in Fig. 1b,c
suggest that pure spin currents driven by both the spin
Hall effect and ∇T can flow across the YIG/Pt inter-
face when a direct electric current is applied to the Pt
layer. As discussed in the introduction, these pure spin
currents can apply antidamping spin torques to the mag-
netization of YIG [1, 18, 22, 30]. If the negative effective
damping due to these spin currents exceeds the positive
magnetic damping of the YIG nanowire, GHz-range per-
sistent auto-oscillatory dynamics of the YIG magnetiza-
tion can be excited. Owing to the YIG/Pt nanowire MR,
these auto-oscillations give rise to the sample resistance
oscillations δRac and a microwave voltage Vac ∼ δRacIdc
generated by the sample at the frequency of the auto-
oscillations. We detect the auto-oscillations of magneti-
zation via measurements of the microwave power spectral
density P ∼ V 2ac generated by the sample under direct
current bias.
In contrast to conventional measurements of the mi-
crowave power emitted by STO as a function of fre-
quency at fixed H [9], we measure the emitted power at
a fixed frequency (3.2GHz in Fig. 2a-b) as a function of
the applied magnetic field H . As discussed in the Sup-
plementary Note 2, this STO characterization method
greatly improves the signal-to-noise ratio in comparison
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FIG. 2: YIG/Pt nanowire microwave signal generation. a Spectra of normalized microwave power P/Pmax generated
by the nanowire at the frequency f = 3.2GHz and magnetic field angle φ = 70◦ as a function of magnetic field at several
direct current biases (vertically offset for clarity). b Color plot of microwave power generated by the nanowire at 3.2GHz as a
function of magnetic field and direct current bias.
to the conventional method and allows us to measure
fW-scale microwave signals generated by nanomagnetic
devices (Supplementary Figure 4).
Our measurements of the microwave signal generated
by the YIG/Pt nanowire reveal that full compensation of
the YIG layer damping by the spin Hall and the thermal
spin currents can be achieved, and auto-oscillations of
the YIG magnetization can be excited. Fig. 2a shows
P generated by the sample at 3.2GHz measured as a
function of H applied at φ = 70◦ for several values of
Idc. These data reveal a sharp onset of the microwave
emission from the sample for Idc exceeding the critical
value of 2.15mA. The peak of P (H) for Idc = 2.15mA
is observed at H = 0.715kOe, which is the resonance
field of the lowest-frequency spin wave eigenmode of the
YIG nanowire at this value of Idc, as shown in the next
section.
Fig. 2b demonstrates that the peak value of P (H)
shifts to higher magnetic fields with increasing Idc. As
discussed in the next section, this shift arises from reduc-
tion of the magnetization and magnetic shape anisotropy
of the YIG wire caused by ohmic heating of the sam-
ple. The amplitude of the peak in P (H) first in-
creases with increasing Idc reaching the maximum value
Pmax ≈ 0.1 fWMHz
−1 at Idc = 2.25mA and then grad-
ually decreases reaching the background noise level at
Idc ≈ 2.5mA for φ = 70
◦. The integrated microwave
power generated by the sample at Idc = 2.25mA is esti-
mated to be 6 fW (Supplementary Note 3).
The field-frequency relation of the spin wave mode
and thus the auto-oscillation frequency can be efficiently
controlled via changing the nanowire width and thereby
modifying its magnetic shape anisotropy [7]. For the
nanowire magnetized by a transverse magnetic field, the
resonance field increases (the resonance frequency de-
creases) with decreasing nanowire width [7], as confirmed
by our measurements of a 90 nm wide YIG/Pt nanowire
described in the Supplementary Note 2.
In order to gauge the relative contributions of the spin
Hall and spin Seebeck currents to the excitation of the
auto-oscillatory dynamics, we make measurements of the
critical current for the onset of the auto-oscillations as a
function of the in-plane magnetic field direction φ. In-
plane rotation of the YIG magnetization changes its di-
rection with respect to the polarization of the spin Hall
current, which leads to a 1/ sinφ dependence of the criti-
cal current when the spin Hall current is acting alone [1].
In contrast, the spin Seebeck current polarization is al-
ways collinear to the direction of the YIG magnetization.
For ∇T shown in Fig. 1a, the polarization is antiparallel
to the magnetization of YIG, resulting in an antidamping
spin torque [22, 24, 25, 30]. The critical current due to
the spin Seebeck current driving the magnetic precession
is expected to be only weakly dependent on φ as long
as the auto-oscillation frequency is fixed [31] as in our
measurements.
Figure 3 shows the angular dependence of the critical
current measured for our YIG/Pt nanowire in the range
of φ from 15◦ to 75◦. For φ near 0◦ and 90◦, the mi-
crowave power generated by the device is too small to
be measured by our technique due to the weak angular
dependence of MR near these angles. The measured an-
gular dependence of the critical current is much weaker
than the 1/ sinφ dependence expected from the spin Hall
current [1, 9] suggesting a significant contribution to an-
tidamping from the spin Seebeck current.
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FIG. 3: Angular dependence of the critical current.
Critical current for the onset of auto-oscillations as a function
of in-plane magnetic field direction φ. The line shows the
expected behavior due to only a spin Hall current (with a
fitting parameter I0) in the absence of a spin Seebeck current.
Current-driven auto-oscillations of magnetization were
recently observed in microdisks of YIG/Pt bilayers at
room temperature [1]. In these structures, we estimate
the temperature gradient across the YIG film at the crit-
ical current (≈ 0.033Knm−1) to be much weaker than
in our devices (≈ 0.26Knm−1). This is because the
nanowire geometry in our device strongly enhances heat
confinement within the Pt layer (Supplementary Note 1).
The measured angular dependence of the critical cur-
rent in YIG/Pt microdisks closely followed the 1/ sinφ
dependence [1] indicating that the auto-oscillations of
the YIG magnetization in these samples with small ∇T
were driven purely by spin Hall torque. Comparison of
these results to the data in Fig. 3 lends further support
to a large φ-independent spin Seebeck antidamping in
our YIG/Pt nanowire STOs. While quantitative fitting
of the data in Fig. 3 is difficult because the temperature
dependences of the spin Hall and spin Seebeck currents
are not well understood, it is clear that auto-oscillations
of magnetization in our YIG/Pt nanowires can be driven
primarily by spin Seebeck current for a magnetic field
direction near the nanowire axis.
Spin torque ferromagnetic resonance measure-
ments. To gain further understanding of the mecha-
nisms leading to the excitation of the auto-oscillations,
we measure the spectrum of spin wave eigenmodes of the
nanowire by spin torque ferromagnetic resonance (ST-
FMR) [48, 49]. In this method, a rectified voltage Vdc
generated [50] by the sample in response to the ap-
plied microwave current is measured as a function of
the drive frequency and external magnetic field. Res-
onances in Vdc are observed at the frequency and field
values corresponding to spin wave eigenmodes of the sys-
tem [51]. To improve the sensitivity of the method, we
modulate the applied magnetic field and measure dVdc
dH
[52]. In Figs. 4a,b, two spin wave eigenmodes of the YIG
nanowire are clearly seen in the ST-FMR spectra mea-
sured at Idc=0.
Patterning of the YIG film into the nanowire gives rise
to lateral confinement of spin waves along the wire width,
which results in quantization of the spin wave eigenmode
spectrum [7, 9]. The resonances observed in ST-FMR
spectra in Figs. 4a,b arise from the low frequency sector
of this quantized spin wave mode spectrum. Precise iden-
tification of the modes measured by the ST-FMR spec-
troscopy can be accomplished via comparison of the ST-
FMR data in Fig. 4b to the spin wave eigenmode spectra
obtained from micromagnetic simulations [10] (Supple-
mentary Note 4). Fig. 4c shows the dependence of the
simulated eigenmode frequencies on magnetic field for
φ = 70◦. Similar to the ST-FMR data in Fig. 4b, two
eigenmodes are present in the simulations with their fre-
quencies being close to those measured by ST-FMR. The
spatial profiles of the amplitudes of these modes displayed
in Fig. 4c for φ = 70◦ show that the high frequency (HF)
mode is a standing spin wave with two nodes in the direc-
tion perpendicular to the wire axis. For the low frequency
(LF) mode, the amplitude maxima lie near the wire edges
[9]. The LF mode exhibits fine splitting (labeled as LF1
and LF2 in Fig. 4a), which arises from geometric confine-
ment [54, 55] of the mode along the wire length [7, 9].
Figure 4d shows ST-FMR spectra of the wire measured
at 3.2GHz and φ = 65◦ as a function of the direct
bias current. At currents below the critical, the reso-
nance fields of the LF1 and LF2 modes exhibit a current-
induced shift. This shift has a quadratic component from
the reduction of the YIG magnetization by ohmic heat-
ing, as established by previous studies of magnetic nan-
odevices [55, 56]. The linear component of the frequency
shift is due to the spin Hall current [57]. At the critical
current for the onset of auto-oscillations (2.2mA), the
LF1 mode resonance field is equal to the field at which
auto-oscillations of magnetization are observed for this
measurement frequency and direction of H . This demon-
strates that the observed auto-oscillatory dynamics arises
from the LF1 mode.
Quantitative measurements of the spin wave mode in-
trinsic linewidth (Supplementary Note 5) by ST-FMR
in our samples present significant difficulties as illus-
trated in Fig. 4e, which shows the linewidth of the LF1
mode as a function of microwave drive power Prf . The
observed linewidth decrease with increasing Prf cannot
be explained by a nonlinear lineshape distortion that is
known to increase the linewidth with increasing power
[48]. However, it is consistent with the antidamping ac-
50 0.2 0.4 0.6 0.8 1
1
2
3
4
5
Magnetic Field (kOe)
Fr
eq
ue
nc
y
 
(G
Hz
)
0 0.2 0.4 0.6 0.8 1
1
2
3
4
5
Magnetic Field (kOe)
Fr
eq
ue
nc
y 
(G
Hz
)
0 0.2 0.4 0.6 0.8 1
Magnetic Field (kOe)
dV
dc
/d
H
 
(ar
b. 
un
its
)
3.5 GHz
−2 −1 0 1 2
0.55
0.65
0.75
0.85
Idc (mA)
M
ag
ne
tic
 F
ie
ld
 
(kO
e)
−3 −2 −1 0 1 2
0
2
4
6
Idc (mA)
Li
ne
w
id
th
 (O
e)
−2 −1 0 1 2
0
0.5
1
1.5
Idc (mA)
Li
ne
w
id
th
  (O
e)
Measurement Simulation
ϕ = 65°, f = 3.2 GHz
ϕ = 65°, f = 3.2 GHz 
ϕ = 70°
−6 −4 −2 0 2 4
0
2
4
6
Microwave Power (dBm)
Li
ne
w
id
th
 (O
e)
HF
LF
LF1
a
d
c
e
ϕ = 70°
LF
HF
f g
 
ϕ = 65°, P
rf = -3 dBm ϕ = 15°, Prf = 1 dBm
HF
LF1LF2
LF1 mode
LF2
x
y
dV
dc
/d
H
  (a
rb.
 un
its
)1
0
FF
T 
Am
pl
itu
de
 (a
rb.
 un
its
)
1
0
dV
dc
/d
H
  (a
rb.
 un
its
)1
0
b
FIG. 4: ST-FMR measurements. a A single spin-torque ferromagnetic resonance spectrum measured at a microwave
frequency f = 3.5GHz and magnetic field angle φ = 70◦. Low frequency (LF) and high frequency (HF) modes are observed.
b ST-FMR spectra of the YIG/Pt nanowire measured as a function of magnetic field and drive frequency at the field angle
φ = 70◦. c Micromagnetic simulation of the spin wave eigenmode spectra in the YIG/Pt nanowire with a top view of the
spatial dependence of the LF and HF mode amplitudes. d ST-FMR spectra measured as a function of magnetic field and
direct current bias current Idc for microwave power Prf = −3 dBm. e Linewidth of the LF1 measured as a function of the
microwave drive power Prf . f Linewidth of the LF1 mode as a function of direct current Idc for φ = 65
◦ and Prf = −3 dBm.
g Linewidth of the LF1 mode as a function of direct current for φ = 15
◦ and Prf = 1dBm.
6tion of the spin Seebeck current arising from microwave-
induced heating of the Pt layer. Much lower values of the
drive power needed for measuring the intrinsic linewidth
(i. e. free from both spin Seebeck and nonlinear contri-
butions) do not produce a measurable ST-FMR signal
due to the small MR of the samples (Fig. 1b). Therefore,
ST-FMR measurements of the linewidth presented below
are invasive. Nevertheless they give important qualita-
tive information on the relative contributions of the spin
Hall and spin Seebeck currents to the current-induced
antidamping torque.
Discussion
The linewidth of the spin wave eigenmodes below
the critical current in a spin Hall oscillator decreases
with Idc for one (antidamping) current polarity and in-
creases for the other (damping) polarity because the
damping-like component of the spin Hall torque is lin-
ear in Idc [1, 16, 55, 56]. The dependence of the LF1
mode linewidth on Idc in our YIG/Pt devices exhibits
a radically different behavior illustrated in Fig. 4f. The
linewidth measured at Prf = −3dBm decreases for Idc >
0 but remains nearly constant for Idc < 0. These data
can be explained via a significant antidamping spin See-
beck torque [23, 30] driven by ∇T . Indeed, both direct
current polarities give rise to the same degree of ohmic
heating in Pt and therefore to the same spin Seebeck
current acting as antidamping [23–25, 29, 34, 35]. The
rapid decrease of the linewidth with positive current at
φ = 65◦ shown in Fig. 4f is due to the combined action of
the antidamping torques from spin Hall and spin Seebeck
currents. At a negative current bias, the spin Hall torque
acts as positive damping while the spin Seebeck torque
acts as antidamping. The competition between these two
torques results in a weak variation of the linewidth with
current for Idc < 0 and φ = 65
◦.
Application of the magnetic field nearly parallel to
the nanowire axis (φ = 15◦) allows us to further sep-
arate the action of the spin Seebeck torque from that
of the spin Hall torque. In this configuration, the po-
larization of the spin Hall current and magnetization
are nearly perpendicular, resulting in a negligibly small
damping/antidamping spin Hall torque [11]. Thus, the
φ-independent antidamping torque from the spin See-
beck current [23, 30, 34, 35] is expected to dominate
the magnetization dynamics. ST-FMR measurement of
the LF1 mode linewidth as a function of current bias is
shown in Fig. 4g. For this measurement we must em-
ploy a higher microwave drive (Prf = 1dBm) due to the
reduced ST-FMR signal in a nanowire magnetized close
to its axis. The data illustrate that we indeed observe
the linewidth decrease with increasing current bias for
both current polarities, as expected for the dominant an-
tidamping from the spin Seebeck current and negligible
damping/antidamping from the spin Hall current. The
linewidth decrease with increasing current bias in Fig. 4f
and Fig. 4g cannot be explained by a temperature depen-
dence of damping [58] since we find the linewidth to be
nearly constant in the temperature range from 140K to
300K (Supplementary Note 6 and Supplementary Figure
5).
A microscopic mechanism of the antidamping action
of the spin Seebeck current in F/N bilayers was theoret-
ically discussed in Ref. [30]. In this mechanism, a spin
Seebeck current driven from the N into the F layer by
∇T generates a non-equilibrium population of incoher-
ent magnons in the F layer. Nonlinear magnon scat-
tering transfers angular momentum from this incoher-
ent magnon cloud to a low-frequency coherent spin wave
mode and thereby reduces the effective damping of the
mode. In this picture, the auto-oscillatory spin wave
dynamics above the critical current can be viewed as
bosonic condensation [59] of non-equilibrium incoherent
magnons generated by a thermal spin current into a co-
herent low-frequency spin wave mode [19, 60]. While the
order of magnitude of the threshold thermal bias mea-
sured in our experiment is reasonable, according to the
theory (where the threshold temperature difference be-
tween magnons in YIG and electrons in Pt is set by the
frequency of the auto-oscillating mode), the quantitative
details depend on the interplay of the magnon-magnon,
magnon-phonon, and magnon-electron scatterings. Fu-
ture efforts are called upon to clarify the relative impor-
tance of these in YIG/Pt heterostructures.
In conclusion, we observe current-driven auto-
oscillations of the magnetization in YIG/Pt bilayer
nanowires. Measurements of the angular and current bias
dependence of antidamping spin torques in this system
reveal that the auto-oscillatory dynamics are excited by
a combination of spin Hall and spin Seebeck currents.
We show that the spin Seebeck current resulting from
ohmic heating of Pt can be the dominant drive of auto-
oscillations of the YIG magnetization. Our measure-
ments demonstrate that ohmic heating can be utilized
for generation of tunable microwave signals and coherent
spin waves. While the output power of the YIG/Pt STO
studied here is low, we expect that the spin Seebeck drive
mechanism demonstrated here can be utilized in other
types of STOs with higher magnetoresistance and out-
put microwave power. Our results pave the way towards
spin caloritronic devices based on ohmic heat harvesting.
Methods
Experimental technique. All measurements re-
ported in this study are performed in a continuous flow
helium cryostat, where the sample is surrounded by a
helium gas injected into the sample space via a needle
valve at the bottom of the sample space. The temper-
7ature of the helium gas can be controlled in the range
from 4.2K to 300K via a feedback loop using a heater
and a thermometer near the needle valve. The sam-
ple is attached to a custom made brass sample holder
placed near the helium gas injection port, and the contact
pads of the YIG/Pt nanowire device are electrically con-
nected to a short coplanar waveguide (CPW) via 4mm
long aluminum wire bonds. The brass sample holder is
electrically connected to the ground of the CPW, and
the central conductor of the CPW is soldered to a mi-
crowave K-connector. The K-connector of the sample
holder is connected to the microwave electronics outside
of the cryostat (Supplementary Figure 4a) via a 1m long
cryogenic microwave cable. The frequency-dependent mi-
crowave signal attenuation/amplification of the entire mi-
crowave circuit from the sample holder to the spectrum
analyzer is characterized using a microwave network an-
alyzer, and the reported power levels are corrected for
this loss/amplification. An electromagnet on a rotating
stage placed outside the cryostat allows for application
of a magnetic field up to 4 kOe at an arbitrary direction
within the sample plane.
The microwave signal generated by the YIG/Pt
nanowire oscillator is low-level (power spectral density
below 1 fWMHz−1) because magnetoresistance of the
sample is small. In order to reliably measure the spec-
tral properties of such low-level signals, we develop an
ultra-sensitive technique for detection of microwave sig-
nals generated by spin torque oscillators (STOs). This
technique improves the signal-to-noise ratio over the con-
ventional technique used for measurements of STO mi-
crowave emission spectra by two orders of magnitude.
The key feature of this technique is the harmonic mod-
ulation of the applied magnetic field and lock-in detec-
tion of the emitted microwave power at the modulation
frequency, which greatly diminishes the influence of non-
magnetic noise on the measured signal (Supplementary
Note 2).
Data availability. All data supporting the findings of
this study are available within the article and the Supple-
mentary Information file, or are available from the cor-
responding author on reasonable request.
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1Supplemental Information: Spin caloritronic nano-oscillator
Supplementary Note 1. Ohmic Heating.
In order to estimate the magnitude of thermal gradi-
ents arising from ohmic heating, we carried out finite ele-
ment simulations of coupled electrical and thermal trans-
port in the YIG/Pt nanowire devices using COMSOL
Multiphysics package [S2]. We employed a fully real-
istic three-dimensional nanowire device geometry illus-
trated in Supplementary Figures S1 and S2a. A detailed
sketch of the YIG/Pt nanowire device with two electrical
leads used in the experiment and simulations is shown
in Supplementary Figure S1. The device consists of a
350nm wide 15µm long YIG(23 nm)/Pt(8 nm) nanowire
with two Al(4 nm)/Pt(2 nm)/Cu(15 nm)/Pt(2 nm) elec-
trical leads attached to the wire ends as shown in Supple-
mentary Figure S1. The leads are separated by a 2.5µm
gap that defines the active region of the nanowire STO
device.
In these simulations, we used the temperature-
dependent heat conductivities and heat capacities of YIG
and GGG as reported in Ref. S3. The Pt layer resistivity
in our YIG(23 nm)/Pt(8 nm) nanowire devices was mea-
sured in the temperature range from 140 K to 300 K and
found to be linear as expected: ρ(T ) = ρ0(1 + αT ) with
ρ0 = 3.35 × 10
−7Ω·m and α = 1.59 × 10−3K−1, which
is similar to previously reported values in thin Pt films
[S4, S5]. The temperature-dependent heat capacity of Pt
reported in Ref. S6 was employed in the simulations, and
the thermal conductivity of the Pt layer was calculated
from its electrical conductivity via the Wiedemann-Franz
law. Literature values of the thermal and electrical con-
ductivity and heat capacity of the lead materials were
employed [S2].
Supplementary Figure S2a shows the calculated spa-
tial distribution of temperature in the YIG/Pt nanowire
device studied in this work at the bath temperature of
140K and direct current bias Idc = 2.5mA that is similar
to the critical current. Supplementary Figures S2b and
S2c show the depth profiles of the temperature in the
center of the YIG/Pt wire. These figures reveal that the
Pt layer temperature rises to 220K. The temperature in
the YIG layer rapidly decreases with depth resulting in a
large temperature gradient∇T = 0.26Knm−1 across the
YIG layer thickness. This high degree of ohmic heating
and the large value of ∇T result from the high resistiv-
ity of the Pt layer and efficient heat channeling into the
YIG underlayer in the nanowire geometry employed in
our experiment. In this geometry, the metallic leads do
not function as efficient heat sinks because their overlap
area with the nanowire is relatively small, which results
in a high degree of ohmic heating of the Pt nanowire and
dissipation of this heat is mainly through the GGG/YIG
underlayers. The quasi-one-dimensional nature of the Pt
nanowire heat source and the three-dimensional charac-
ter of the heat flow in the GGG substrate further enhance
∇T across the thickness of the YIG layer.
The validity of these COMSOL simulations can be di-
rectly checked against the experiment because the tem-
perature of the Pt wire can be determined by measuring
its resistance. Supplementary Figure S3 shows the resis-
tance of the Pt nanowire measured as a function of direct
current bias. These data and the linear relation between
the Pt nanowire resistance and temperature reveal that
the Pt nanowire temperature at the bath temperature of
140K and Idc = 2.5mA is 260K. We therefore conclude
that the COMSOL simulations underestimate the degree
of ohmic heating of the Pt wire and that the actual tem-
perature gradient across the YIG film thickness is likely
to exceed that predicted by the simulations.
We also employed COMSOL simulations to evalu-
ate the ohmic heating in the YIG/Pt microdisk spin
torque oscillators investigated in Ref. S1. The microdisk
device geometry used in our simulations and experi-
mentally studied in Ref. S1 is shown in Supplementary
Figure S2d. The system consists of a 2µm-diameter
YIG(20 nm)/Pt(8 nm) disk defined on top of a GGG sub-
strate. Two Ti(20 nm)/Au(80 nm) leads are attached to
the disk with the inter-lead gap of 1µm. The system is
covered with an SiO2(300nm)/Au(250 nm) bilayer (not
shown in Supplementary Figure S2d). The Pt layer re-
sistivity ρ = 1.7 × 10−7Ω·m was directly measured for
this system [S1], and thermal conductivity of Pt was cal-
culated via the Wiedemann-Franz law. In these simula-
tions we also use the experimental parameters of Ref. S1:
a bath temperature of 293K and a critical current of
7.4mA. Literature values of the temperature-dependent
electrical conductivity, thermal conductivity and heat ca-
pacity of Au, Ti, SiO2, YIG and GGG [S2, S3, S6] were
employed in the simulations.
Supplementary Figures S2e,f show the depth depen-
dence of the temperature in the center of the disk at
Idc = 7.4mA. It is clear from these figures that ohmic
heating of the Pt layer is substantially smaller than in our
nanowire devices due to the lower electrical resistivity of
the Pt layer employed in Ref. S1 and better heat sink-
ing by the Ti/Au leads having significant contact area
with the microdisk. Combined with this, these devices
are encased by 300nm of silicon oxide to allow electrical
isolation from a 250 nm thick Au antenna, providing fur-
ther heat sinking. The resulting temperature gradient in
the YIG film across its thickness at the critical current
is only 0.033Knm−1 – an order of magnitude smaller
than that in our nanowire devices. Therefore, it is not
surprising that the antidamping torque in these devices
predominantly arises from spin Hall current with a negli-
gible contribution from spin Seebeck current as evidenced
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Supplementary Figure S1: Nanowire device sketch. Sketch of the YIG/Pt bilayer nanowire device with two Al/Pt/Cu/Pt
leads. The nanowire depicted in blue color is partially covered by the electrical leads depicted in grey. The expanded view
panel shows the active region of the nanowire. Lateral dimensions as well as nanowire and lead material stacks including layer
thicknesses in nanometers are shown.
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Supplementary Figure S2: Ohmic heating and temperature gradients. a COMSOL simulation of temperature dis-
tribution due to ohmic heating in a YIG(23 nm)/Pt(8 nm) nanowire spin torque oscillator (STO) at Idc = 2.5mA and 140K
bath temperature. b Temperature depth profile in the center of the nanowire. c Temperature depth profile within the
GGG substrate under the nanowire center. d COMSOL simulation of temperature distribution due to ohmic heating in a
YIG(20 nm)/Pt(8 nm) microdisk studied in Ref. S1 at Idc = 7.4mA and 293K bath temperature. e Temperature depth profile
in the center of the microdisk. f Temperature depth profile in the SiO2/Au overlayer above the microdisk and in the GGG
substrate below the microdisk center.
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Supplementary Figure S3: Pt nanowire resistance as a
function of direct current bias. The right ordinate axis
shows the corresponding wire temperature that was obtained
from measurements of the wire resistance as a function of bath
temperature at small bias current.
by the 1/ sinφ angular dependence of the critical current
observed for these samples [S1].
Supplementary note 2. Field modulated detection of
microwave emission.
Supplementary Figure S4a schematically illustrates the
experimental setup employed in our field-modulated
microwave emission measurements. A low-frequency
(∼1 kHz), small-amplitude harmonic magnetic field Hac
is applied to an STO sample parallel to a constant ex-
ternal magnetic field Hdc. A direct current bias Idc is
supplied from a custom built low noise current source
and applied to the STO via a Picosecond 5541A-104 bias
tee. The direct bias current excites the self-oscillations
of magnetization. The microwave signal emitted by
the sample is then amplified through a Miteq AMF-6F-
00100400-10-10P low noise microwave amplifier with 62
dB gain, noise figure of 1 dB, and frequency band of
0.1–4GHz. The amplified signal is then sent to an Ag-
ilent E4408B spectrum analyzer, configured in a single-
frequency continuous detection mode. This configura-
tion measures the integrated microwave power in a 5MHz
bandwidth around a fixed measurement frequency. The
STO generation frequency is modulated by Hac, which
results in a modulation of the STO power at the mea-
surement frequency. The modulated STO emission power
dP
dH
is measured by a Signal Recovery 7225 lock-in am-
plifier via a video output port of the spectrum analyzer.
In order to obtain a field-modulated STO emission spec-
trum, the data is collected point-by-point by stepping the
measurement frequency of the spectrum analyzer over a
desired frequency range.
The conventional method of measuring STO mi-
crowave emission spectrum, in which the emission power
is simply recorded as a function of frequency, did not
yield a signal exceeding the noise floor for the 350 nm
wide YIG/Pt nanowire samples discussed, and our field
modulation technique was required to observe the sig-
nal. In order to quantitatively compare the field-
modulated emission method to the conventional method,
we employ an STO sample based on a 90nm wide
YIG(23 nm)/Pt(8 nm) nanowire with a 0.9µm long ac-
tive region. This STO generates higher microwave sig-
nals, which can be measured by the conventional tech-
nique as illustrated in Supplementary Figure S4b.
Supplementary Figures S4b,c directly compare the mi-
crowave emission spectra for conventional and field-
modulated detection measured under identical conditions
(H = 1.5 kOe, φ = 70◦, Idc = 1mA, measurement time
17 minutes). The conventional method gives a spectral
peak with integrated power of 21 fW. In contrast, the
field modulation method yields a prominent dP
dH
signal
with high signal-to-noise ratio and the line shape similar
to a Lorentzian curve derivative as illustrated in Supple-
mentary Figure S4c.
Supplementary Figures S4d,e illustrate that the field
modulation method can be further improved by sweep-
ing external magnetic field instead of stepping the center-
frequency as done in Supplementary Figure S4c. In Sup-
plementary Figure S4d, the field-modulated emission sig-
nal is measured as a function of applied field giving the
expected antisymmetric line shape. This signal can be
directly integrated in magnetic field yielding a symmet-
ric emission curve as a function of magnetic field. The
development of this microwave detection technique in-
creases the signal-to-noise ratio by two orders of mag-
nitude, allowing detection of ultra low-level microwave
signals emitted by magnetic devices.
Approximate calibration of the power scale for the
field-integrated spectra such as that shown in Sup-
plementary Figure S4e can be performed via compar-
ison of the spectral peak amplitudes in Supplemen-
tary Figures S4b,e. We estimate the maximum power
spectral density Pmax generated by the 350 nm wide
YIG/Pt nanowire shown in Fig. 2b to be approximately
0.1 fWMHz−1 and the corresponding integrated power to
be approximately 6 fW.
We also note that the nanowire geometry can be used
to tune both the frequency and the amplitude of the mi-
crowave signal generated by the YIG/Pt nanowire STO.
We find that decreasing the width of the nanowire from
350nm to 90 nm results in a decrease of the generated
signal frequency. At the same time, the output power
of the STO increases by over a factor of three. The de-
crease of the resonance frequency results from a higher
demagnetization field in the narrower nanowire [S7] while
the increase of the output power can be attributed to a
larger volume fraction of the wire occupied by the spin
wave mode (see Fig. 4c).
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Supplementary Figure S4: Microwave emission measurements. a Schematic of the experimental setup for measurements
of spin torque oscillator (STO) microwave emission with magnetic field modulation. The nanowire with magnetic field H
applied at an angle φ is supplied with a direct current Idc via a bias tee. The microwave signal is amplified and detected using
a spectrum analyzer. Its video-out signal is processed with a lock-in amplifier. The reference-out signal is used to generate
a modulation field Hac using an audio amplifier. b-e Microwave emission spectra from a 90 nm wide YIG(23 nm)/Pt(8 nm)
nanowire STO with a 0.9µm long active region measured at H near 1.5 kOe, φ = 70◦ and Idc = 1mA by different techniques.
b Conventional technique without field modulation. c Field modulation technique at fixed magnetic field and swept frequency.
d Field modulation technique at fixed detection frequency and swept magnetic field. e Spectrum from d integrated with
respect to the magnetic field.
Supplementary Note 3. Auto-oscillation amplitude.
The precession cone angle of the auto-oscillatory YIG
magnetization can be estimated from the output mi-
crowave power of the YIG/Pt nanowire STO. The in-
tegrated microwave power Pint generated by an STO is
proportional to the square of the direct current bias Idc
and the amplitude of resistance auto-oscillations δRac
[S8, S9]:
Pint =
1
2R50
(
IdcδRac
R50
R+R50
)2
(S1)
where R is the sample resistance and R50 is the 50Ω
microwave transmission line impedance. Assuming the
angular dependence of the YIG/Pt nanowire resistance
is R = R0 +
∆R
2
cos 2φ as expected for SMR, the small-
amplitude dynamic resistance oscillations δRac are re-
lated to the in-plane precession cone angle φc in the
macrospin approximation as:
δRac = φc∆R sin 2φ0 (S2)
where φ0 is the equilibrium direction of the YIG magne-
tization. The maximum value of φc achieved by the YIG
magnetization in the 350 nm wide nanowire device can
be calculated from Equations 1 and 2 by using the gen-
erated integrated power Pint = 6 fW and ∆R = 0.05Ω
extracted from Fig. 1b. This calculation gives the pre-
cession cone angle in the macrospin approximation φc ≈
6◦. Taking into account that the excited LF mode has
the edge character as shown in Fig. 4c, and that the edge
mode occupies approximately one third of the nanowire
volume as predicted by our micromagnetic simulations,
the amplitude of the YIG magnetization oscillations at
the nanowire edge is estimated to be approximately 20◦.
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Supplementary Figure S5: Temperature dependence of
linewidth. ST-FMR linewidth of the LF1 mode as a function
of bath temperature measured at the field angle φ = 15◦, drive
frequency of 3.2GHz and drive power Prf = 1dBm.
We stress that this is merely an estimate because contri-
butions to the generated microwave signal beyond SMR
such as inductive signal generated by precessing magneti-
zation [S1] can be non-negligible in our nanowire devices.
Supplementary Note 4. Micromagnetic simulations
Micromagnetic simulations of the spin wave eigen-
mode frequencies of the YIG/Pt nanowires were per-
formed using a modified version of the finite-differences
simulation code MuMax3 [S10]. The nanowire was dis-
cretized into 2048 × 32 × 4 cells, resulting in a cell size
of 6.30 × 8.75 × 7.50nm3. The saturation magnetiza-
tion Ms = 130kAm
−1 [S11] and the exchange constant
Aex = 3.5 pJm
−1 were used [S12]. The spin wave eigen-
frequencies were determined as the peak position of the
Fourier-transform of the dynamic magnetization excited
by a sinc-shaped magnetic field pulse [S13]. The simu-
lation time was chosen to be 25ns, which results in an
FFT frequency resolution of 40MHz. The spin wave pro-
files shown in Fig. 4c are represented by the cell-specific
Fourier amplitude.
Supplementary Note 5. Magnetic damping.
We use the conventional broadband FMR technique
[S14] to measure the FMR linewidth ∆H (defined as
half width at half maximum of the Lorentzian absorp-
tion curve) as a function of frequency f for YIG(23 nm)
and YIG(23 nm)/Pt(8 nm) films. The damping constant
α and the inhomogeneous broadening parameter ∆H0
are determined from the slope and zero-frequency inter-
cept of the ∆H(f) data [S15]. These measurements give
α = 0.0014 and ∆H0 = 1.1Oe for the YIG film and
α = 0.0035 and ∆H0 = 2.6Oe for the YIG/Pt bilayer.
The linewidth ∆H measured at 3.2GHz for the YIG/Pt
bilayer film is found to be 6.7Oe, which is similar to ∆H
= 6Oe at 3.2GHz measured in the YIG/Pt nanowire de-
vice by ST-FMR at the lowest microwave power value
(−5 dBm) as shown in Fig. 4e. This demonstrates that
patterning of the YIG/Pt film into the nanowire device
does not significantly alter the YIG layer damping.
Supplementary Note 6. Temperature dependence of
linewidth.
Ohmic heating of Pt can affect magnetization dynam-
ics in the YIG/Pt nanowire via both the thermal gradi-
ent across the YIG/Pt interface and the increase of the
average temperature of YIG. To separate these effects,
we carried out ST-FMR measurements as a function of
bath temperature at a constant low direct current bias
(0.15mA). Supplementary Figure S5 shows temperature
dependence of ST-FMR linewidth of the LF1 mode mea-
sured at φ = 15◦ in a YIG(23 nm)/Pt(8 nm) nanowire
device nominally identical to that shown in Fig. 4. The
measurements reveal that the linewidth is nearly con-
stant in the 140K – 300K temperature range. The
data in Supplementary Figure S5 demonstrate that the
current-induced linewidth variation in Fig. 4g arises from
spin Seebeck current driven by ∇T and not from tem-
perature dependence of the YIG nanowire damping.
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